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Abstract: Smarter, more filigree, and resource-saving buildings are the aim of developments in the
construction industry. In reinforced concrete construction, ultra-high strength concretes have been
developed to achieve these goals. Due to their use and requirements, these highly pressure-resistant
materials are increasingly exposed to cyclically occurring and high-frequency loads. Examples of
this are applications in long-span bridges or wind turbines. Research into the fatigue behaviour
of the new construction material is therefore very important for the standardization and practical
introduction of the high performance material. In this article, we want to investigate the heating
process of ultra-high performance concrete (UHPC) under fatigue stress in more detail. In previous
investigations in this project, an influence of the heating on the fatigue strength could be determined.
A systematic parameter study has defined decisive load configurations for a maximum heating
process. The aim is now to better understand the heating process. For this purpose, the temperature
generation rate and the temperature release, which probably influences the overall temperature
development, are investigated. A test program with eight experiments gives information about
the temperature release during the experiment and the heating rate with and without pre-damage
in the sample. In addition, the causes of failure caused by temperature are investigated with
additional insulated tests. The results are presented, discussed, and conclusions are drawn in the
article. For instance, fatigue damage affects the rate of temperature increase, but not the thermal
conductivity of the material. In the different configurations, the test specimens essentially overlap at
the maximum temperature reached in the inner test specimen. In addition to the assumed influence
of the temperature gradients in the cross section as a cause of premature failure due to additional
constraint stresses, the maximum temperature in particular turns out to be decisive, independent of
the gradient.

Keywords: UHPC; fatigue behaviour; temperature increase; heating rate; temperature release

1. Introduction

The actual focus on resource-saving construction creates new demands on building materials.
As a result, concrete components, for example, are becoming increasingly lightweight and slender,
e.g., [1-3]. Ultra-high performance concretes (UHPC) for reinforced concrete construction have
been developed to increase material efficiency. Their material behaviour under static exposure is
comparatively well known. In addition to static loads, structural elements of bridges or wind turbines
must also withstand system-induced vibrations. Therefore, several researchers have recently intensified
their investigations into the fatigue behaviour of UHPC, see e.g., [4-10].
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There are different recommendations for the determination of fatigue strength and Wahler curves,
e.g., [11] in Germany. To create Wohler curves for concrete, pressure-swell fatigue tests are generally
carried out. High frequencies are used so that the tests allow many load changes in a short time.
In comparison to normal strength concrete, however, in the case of UHPC and high performance
concrete (HPC) the temperature of the material increases. The fact that the material can heat up
when fatigue tests are performed on concrete has already been observed repeatedly, for example as
one of the first by Assimacopoulos et al. (1959) [12]. Especially for HPC, UHPC, or high strength,
fine-grained mortars, heating was observed and partly investigated more closely [13-20]. In order to
increase the state of knowledge concerning this phenomenon, it was systematically investigated mainly
for UHPC in our own research project to find the main influencing parameters. The aim of the project
is to understand the heating mechanisms in such a way that the negative effect on the number of load
cycles can be taken into account retrospectively and thus, in a future standardization of the material,
UHPC will not be underestimated in terms of fatigue strength. The first results have already been
presented, e.g., in [21-24]. This article deals with the heating and the release of temperature during
pressure-swell fatigue tests. The basis of this approach was the results presented in [24], which could
not all be sufficiently explained at that time. The new results should help to find out how the grade of
damage influences the temperature development. For this purpose:

e tests on temperature release on cylindrical specimens with and without pre-damage were
carried out,

e the heating under fatigue loading on samples with and without pre-damage was studied,

e and thermally insulated cylinders were tested to compare the results with tests under normal
conditions to find out whether the maximum absolute temperature or the gradient within the
cross section is decisive.

Findings on the cooling-off behaviour, the heating behaviour, and their influence on the reachable
number of load cycles are presented.

2. Materials and Methods

2.1. Experimental Program

The results from [24] were the basis for the test program. Thus, as load parameters the frequency
fp with 10 Hz and the stress relation between lower and upper stress level from 10 % and 70 % of the
mean concrete strength were selected for all fatigue tests. In previous test series it could be shown
that this combination of parameters certainly leads to a strong heating of the UHPC. In Figure 1,
the temperature development at the surface of a cylindrical concrete sample (red line and right y-axis)
as well as the associated heating rate in Kelvin per load cycle (Ic; blue line, left y-axis) are shown [24].

The heating rate shows high values, especially at the beginning (phase 1) and end (phase 3) of
the attempt. During the period of continuous crack growth in phase 2, a lower rate of temperature
increase was measured. In addition to the temperature development in regard of the damage process,
the temperature release capacity also has an influence on the measured values. According to the
results in [20], this depends on the maximum reached temperature. In order to determine whether the
release capacity is also clearly dependent on the state of damage, 3 tests were planned in which the
test specimens PK 1T-3T were first heated to 50 °C, and then the cooling was recorded. Afterwards,
the samples were repeatedly reheated by fatigue loading over various test durations and then again
cooling took place and was measured. In addition to findings on the effects of damage on the
temperature release, it was also possible to obtain information on the effects of previous damage on
the temperature development by re-loading after the second cooling. Figure 2 shows the planned
temperature course (bottom diagram) and above it the load course of the specimen PK 1T-3T over time.
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Figure 1. Heating rate and temperature differences of an ultra-high performance concrete (UHPC)
specimen for test frequency fp = 10 Hz and relation between lower and upper stress level S¢ min/Sc,max
= 0.1/0.7, taken from [24].

Table 1. Experimental program.

Maximum Stress Heating in Oven Target Temperature

Designation Level o¢/fc Load Fr[i;lt;ency fr t Difference TIe mpfr:.ture
- z °cl AtIK] nsulation
PK 1T 0.7 10 50 25 no
PK 2T 0.7 10 50 15 no
PK 3T 0.7 10 50 30 no
between
PK 4T - - 50 - sample and
loading plate
PK 5T 0.7 10 - - no
PK 6T 0.7 10 - - no
PK 7TI 07 10 _ _ around the
' sample
around the
PK 8TI 0.7 10 - - sample

Cooling was always performed under test conditions. During cooling, the specimens were
clamped only with a low force of 5 kN (approx. 1% of the compressive strength of the concrete)
virtually unloaded, so that the surfaces remained in full contact. So, the test specimens couldn’t shift
before the repeated fatigue loading. In order to assess the influence of the testing machine on the
temperature output, an additional test specimen (PK 4T) was placed between insulation boards to
separate the output from the environment.

The results from [21-24] have also shown that there is a temperature difference between the inside
of the test specimen and the surface, which increases over the duration of the test. In order to obtain
information about whether the difference and the resulting constraint stresses in the concrete are
the main criterion for specimen failure, tests were carried out with a temperature insulation around
the free sample surface (PK 7TI and PK 8TI), supplemented by appropriate reverence tests (PK 5T
and 6T). Thus, test results are obtained with a lower temperature gradient across the cross-section.
PK 5T-PK 8T1 were loaded with a frequency of 10 Hz and a relation between lower and upper stress
level of 0.1-0.7.

Table 1 shows a summary of the tests presented in this article.
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Figure 2. Test procedure for heating and cooling rates for samples no. PK 1T to PK 3T (compare Table 1).
2.2. Materials and Ppecimen Geometry

All tests in the series were carried out with ultra-high strength concrete with a maximum grain
size of 1 mm. This material was already been presented in detail in [24], with UHPC 1. This concrete
is the reference concrete of the joint research initiative Priority Programme SPP 2020 [25] and was
therefore used in several projects like [7,8]. Essential properties of the material used in the presented
tests are summarized in Table 2.

Table 2. Material properties of UHPC.

Compressive Strength after 28 Days [N/mm?] 162.7
Compressive strength after 90 days [N/mm?] 182.7
Elastic modulus [N/mm?] 47,050

Thermal conductivity [W/m+K] 2.35

As the compressive strength, determined according to DIN EN 12,390 [26] on 150/300 mm cylinders
after 28 days, did not correspond to the completed strength development, tests were carried out in
advance to define a minimum age of the samples [21,22]. We found that, after 90 days, the strength
development was largely completed. This was important because even one test can run over several
days and sometimes weeks and the reference strength at the beginning is decisive for the definition
of the loading parameters. The thermal conductivity was determined by the Institute of Building
Climatology at the TU Dresden using heat pulse technology. Six samples with an age of more than
90 days after drying at 45 °C were examined. All samples were measured on 5 sides.

Samples with a cylinder geometry with a ratio between diameter and height of 1/3 were used for
the fatigue tests and the determination of the reference strength which was recommended, e.g., by [11]
for standardized fatigue tests on concrete subjected to cyclic compressive loading. A diameter of
60 mm and a height of 180 mm were selected. This geometry allows a multitude of comparisons with
previous research, such as [4,15,27,28].
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2.3. Specimen’s Preparation and Application

All specimens of the presented experimental program were manufactured in one batch to minimize
manufacturing differences. The storage of all samples was carried out according to [11]: one day in
the formwork, then the remaining first week in water. Afterwards, the specimens were stored in a
climatic chamber at a constant temperature of 20 °C and a relative humidity of 65 % until the tests
started. During the storage period, the cylinders were sawn to 180 mm length and the loading surfaces
were ground plane-parallel.

The main parameter in the tests was the temperature. For this reason, three temperature sensors
were glued to the surface of the test specimen just before the experiments. The upper and lower
ones were each 1 cm away from each end of the sample and the third one was fixed at half height.
In addition, a fourth sensor was embedded inside the concrete in the middle of the cross section at half
the height of each test specimen. These four measuring points were recorded over the entire course of
all attempts. In addition, the temperature of the testing machine was measured by a glued-on sensor
on the upper loading plate next to the loading cylinder. The ambient temperature was recorded both in
the oven during heating up and in the test area during the tests. In this way, external influences can be
taken into account, and the achievement of the ambient temperature during cooling and the planned
difference during heating can be checked. Figure 3 shows the measuring technique used for the tests.
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Figure 3. (a) Sensor positions for fatigue tests; (b) sample in the testing machine.

In addition to the measurement of the temperature, we measured the force, the machine
displacement, and the number of cycles.

The PK 71T and PK 8TI test specimens were provided with a thermal insulation in addition to the
glued-on temperature sensors. PE pipe insulation with an inner diameter of 60 mm and an insulation
layer thickness of 20 mm was used for this purpose, as shown in Figure 4.
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Figure 4. Sample with thermocouples and thermal insulation.

2.4. Test Setup

The PK 1T-PK 4T specimens were heated as shown in Figure 2 until all measuring points indicated
atleast 50 °C. For this purpose, they were placed in a 55 °C warm oven. During heating, the temperature
was measured constantly. To ensure the same boundary conditions as in the fatigue test for temperature
release, the samples were fixed immediately in the testing machine after removing from the oven,
and the cooling was recorded there at a measuring rate of 1 Hz. After reaching the ambient temperature,
PK 1T to PK 3 were then loaded cyclically, whereby the measuring frequency was increased to
200 Hz. All tests were carried out using the servo-hydraulic testing machine Schenck Hydropuls PSB
(maximum load: 1.0 MN) (Carl Schenck AG, Darmstadt, DE., Germany). First, the middle stress level
was set statically. Afterwards, the fatigue load was applied with a sinusoidal curve.

The loading conditions and data recording were the same for the PK 5T to PK 8TI tests.

3. Results

3.1. Temperature Decrease During Dwell Time in the Testing Machine

After heating of the specimens PK 1T to PK 3T, they were placed directly into the testing machine.
The measuring equipment was connected so that the cooling down could be recorded. The diagram
in Figure 5 shows the temperature curves at all four measuring points of one specimen (right y-axis)
and the associated cooling rate (left y-axis) over time. The temperature rate was calculated using the
derivative of the temperature curves. For the colour assignment of graphs and sensors, compare with
the sketch of the test specimen on the right.

The differences of the sample temperatures to 50 °C at the start of the recording can be explained
by the test procedure. The measurement started as soon as the specimen was clamped in the machine
under minimum load. The lower side (blue sensor) of the concrete cylinder stood on the metal
loading plate from the beginning of placement into the machine and showed therefore the highest
temperature loss until the start of measurement. In contrast, the surface in the middle and at the top
of the cylinder cooled down to a similar extent until the calotte was fully in contact with the upper
surface. The measurement inside the concrete shows only a small difference to 50 °C due to the greatest
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distance to the outside environment until the start of measurement, and therefore also the highest
starting value.
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Figure 5. Cooling of the PK 2T specimen in the testing machine direct after removing from the oven.

The curves clearly show that the temperature reduction is strongest directly at the beginning of the
recording near the load introduction plates which are made of steel. So they dissipate the temperature
much faster than the ambient air. After about 10 min, the temperatures at the top and the bottom
were already 10 K lower than in the middle. Due to the significantly lower absolute temperature,
the discharge speed also decreased now and became lower than that for the sensors in the middle.
This can be confirmed by the data from [20], according to which the absolute temperature has a decisive
influence on the thermal conductivity of concrete. Another interesting aspect of the recorded data is
that in all tests the cooling of the inside of the test specimen was faster than the surface cooling in the
same cross-section even at the same absolute temperatures. One explanatory approach is that the steel
load introduction plates affect the heat dissipation from the centre of the sample, even if they are three
times as far from the centre of the sample as the nearest sample surface. In order to check whether
the faster cooling inside the test specimen is really caused by the metal plates, the test on PK 4T was
carried out with insulating plates. Figure 6a shows the temperature development of the test specimen
when it was clamped between two Styrofoam insulating boards.

Because the sample PK 4T was clamped in the test machine a bit faster than the PK 2T after heating,
the temperatures at the beginning of the measurement were very similar. For PK 4T, the temperature
could only be derived via the surrounding atmosphere. The curves are very similar for all sensors.
Especially between the measuring points at half height and at the top and the bottom, the difference is
no longer as large as under standard test conditions. The lower cooling speed inside at the beginning
of measurement results from the further distance to the surface.

Diagram 6b shows in detail the speed of temperature release, displayed via the cooling rate,
from PK 2T to allow the comparison with PK 4T. The time required for cooling is significantly higher
in the insulated test, as rapid release over metal surfaces is prevented. While the PK 4T achieves a
higher cooling rate at the beginning, this is also due to the higher absolute temperature. If we compare
the rate at same temperatures, we see that, at 40 °C, for example, the cooling rate under standard
conditions is 0.75 x 1072 K/s and with insulation only 0.55 x 1072 K/s.
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Figure 6. (a) Cooling of the PK 4T test specimen between the thermal insulation plates; (b) data of the
sensors in the middle of the height of PK 2T in detail.

3.2. Temperature Decrease with and without Previous Fatigue Damage

As explained under point 2.1., one aim of the investigations was to find out whether fatigue
damage changes the temperature release capacity, i.e., also the thermal diffusivity of UHPC. For this
purpose, the test specimens PK 1T to PK 3T were subjected to cyclic loading after cooling in the testing
machine. The loading was continued until a target temperature (15, 25, or 30 °C, compare Table 1)
was approximately reached. The generation of different temperatures required different numbers of
load changes before the next stop and cooling. Thus, a different degree of pre-damage was ensured.
In Figure 7, the upper diagram shows cooling without pre-damage for all three samples and the lower
diagram shows cooling after cyclic loading. Again, both the absolute temperatures and the heating
rates are shown. All displayed data were recorded by the sensors inside the specimen. Due to the
long time required for the entire sample to cool down completely, the tests were stopped in very small
ranges of the cooling rate.
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Figure 7. (a) Cooling inside test specimens after heating in oven; (b) Cooling inside test specimens
after heating due to fatigue load.

The curves for PK 1T and PK 3T in Figure 7a show a very similar character, both in terms of heating
rate and temperature. The cooling rates increase up to about 800 s in each sample. After reaching a
maximum value, all curves dropped to the same extent in all experiments until the ambient temperature
was reached.

In Figure 7b, the temperature curves between the test specimens differ according as planned.
As listed in Table 1, the target temperature at the start of the second cooling was deliberately chosen
differently. A remark to cylinder PK 3T: During the cyclic loading, only a temperature difference
of 28.5 K was achieved instead of the intended 30 K. Up to +28.5 K, there were considerably more
load changes required than for the other samples. So, the test was stopped a bit earlier than planned
because of the highly estimated risk of failure. For our investigation, the comparison of the temperature
rates between the first and second cooling is decisive above all, not between the individual samples.
The maximum cooling rates achieved were higher for samples with cyclic pre-damage. However,
it must be taken into account that from the beginning there was already a difference between the
internal and external temperature in the second cooling and thus the delay as in the first diagram does
not occur. When heating up in the oven, the temperature in the core is lowest, which is exactly the
opposite of the temperature gradient in the cross section when heating up due to fatigue load [21].
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In addition, the fastest cooling rates were achieved at different absolute temperatures in the two
scenarios. In order to eliminate the influence of temperature on thermal conductivity when comparing
the results, the cooling speed for each test was determined at the same absolute temperature for the
first and second cooling, as shown in the diagrams by the dotted lines for an absolute temperature of
40 °C as an example. Table 3 shows the values for each sample at 40 °C and at 30 °C.

Table 3. Cooling rates at temperatures of 30 °C and 40 °C in the centre of the sample during first
(after oven heating) and second cooling (after fatigue heating) as well as the number of load cycles and
resulting temperature differences due to the fatigue load.

Load Changes until

Reference Cooling Rate Cooling Rate Max AT due Fatigue Max AT
Designation Temperature inside Cooling No 1 Cooling No 2 Heating No 2 No 2
°oC *10-2 *10-2 K -
[°cl [K/s] * 10 [K/s] * 10 [KI] [Qty]
40 -0.91 -0.87
PK1T 30 —036 ~020 27.25 49,449
40 -0.70 -0.80
PK 2T 30 _016 _021 15.01 20,722
40 -0.88 -0.90
PK 3T 30 _037 ~023 28.54 77,822

At 40 °C, inside the test specimen, only the PK 2T shows a clear change between the first and
second cooling: The release rate after the cyclic loading was higher. In the PK 1T and PK 3T tests with
approximately the same maximum heating, on the other hand, the values remained almost constant,
where the values were slightly higher once for the first and once for the second cooling. In this regard
it should be noted that these test specimens without significant changes were subjected considerably
longer to cyclic loading than PK 2T.

At 30 °C, PK 2T still shows a faster cooling rate after pre-damage due to cyclic loading than after
heating in the oven. This is in contrast to the other two specimens PK 1T and PK 3T, which gave off
heat more slowly after fatigue heating than after oven heating. The comparison at 30 °C shows larger
deviations between the cooling of specimen with and without cyclic pre-damage. However, it should
be noted that, for this observation horizon, the test specimen temperature of PK 1T and PK 2T was
only just under 3 K below the ambient temperature, and for PK 3T it was 6.5 K, such that external
influences are more pronounced, since the cooling rate decreases as the sample temperature nears that
of the surrounding air. For PK 2 T, it should also be noted that the ambient temperature was 3 K lower
during the first cooling than during the second cooling.

Overall, no systematic change in heat dissipation could be detected due to previous damage.
Thus, for a theoretical representation of the heating process, the concrete temperature and not the
number of load cycles seems to be decisive for the thermal conductivity.

3.3. Temperature Ncrease, Heating Rate and Number of Load Cycles with and without Fatigue Damage

In addition to the temperature release capacity, the tests can also be used to assess the change in
temperature increases due to a previous damage, since all three tests after the second cooling were
loaded with the same load as during the first fatigue heating up until failure. Figure 8 shows the
recorded temperature curves in the centre of the test specimens for each of the three tests. The diagram
does not show the absolute temperatures, but the differences to the initial values plotted in relation to the
number of load cycles (n.o.c.) instead of at the time, in order to be able to show the cooling minimized.
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Figure 8. Temperature increase inside the specimen for the first and the second fatigue
loading, test conditions: frequency fp = 10 Hz, relation between lower and upper stress level
Sc,min/ Sc,max = 0-1/ 0.7.

The first cyclic warming shows a strong agreement especially in the two tests on PK 1T and PK 2T.
The third specimen shows a slower temperature rise. The temperature reached in its centre was only
1.3 K higher than for PK 1T, but the required number of load cycles was almost 30,000 higher. This is
probably due to the scattering of concrete strengths. The loading regime is defined in advance on the
basis of 3 compression tests, so a deviation distorts the true relative loads and thus has a considerable
influence on the scatter of tests [10,29]. Such deviations are typical for fatigue tests on concrete and
could already be shown in [24].

However, the focus is on the second heating due to the cyclical load. The tests each achieved
a temperature difference just below 50 K until failure. The scatter between the tests is below 1 K.
The curves of PK 1T and PK 2T show a strong agreement as with the first load. This is also evident
when considering the number of load cycles from the second loading to failure. On the other hand,
the 28,500 cycle difference before the load was relieved did not influence the reached number of cycles
after the restart. PK 3T continues to show a flatter course. The temperature difference achieved
corresponds to the other tests, except that with 124,235 load cycles after unloading, about 1.6 times
more load cycles were required. This is particularly remarkable, since the previous load was also
clearly the longest for PK 3T. In total, the number of load cycles achieved results in 98.559 for PK 2T,
124.477 for PK 1 T and 202.057 for PK 3T and therefore an order which matches the duration of the
first cyclic load. However, no influence of the first load on the second one can be seen. The second
fatigue cycling achieves an average of 92.367 load cycles, which, considering the scatter in the small test
quantity, is approximately in the range of the average of cyclic test on specimens without pre-loading.
For this purpose, the average value 82.915 from [24] is taken as a comparison value, where the same
concrete was tested under the same test and loading conditions. The calculated expected value for a
load according to the Wohler curve after fib Model Code 2010 [30] is about 146,000 load cycles. This is
only achieved in the summation of cycles in the PK 3T. If all the load cycles mentioned are considered,
the results make it clear that temperature has the decisive influence for premature failure.

During the two cyclic loading periods, it is also evident when comparing the heating rate curves.
These are plotted in Figure 9, also using the number of load cycles on the x-axis.

The characteristics of the heating rate during the second cyclic load correspond to those already
described in [24] for the same configuration without preload, as can be seen in Figure 1. For a frequency
of 10 Hz, the strongest increase was in most cases registered at the beginning of the test.

The courses of the first cyclic load are quasi not completed and represent only a part of the whole
curve. Where PK 1T and PK 2T are still within the range of the decreasing rate, a beginning increase in
the heating rate can already be seen at PK 3T. This is a characteristic for an approaching failure in all
tests from [24] as well as in the curves of the second fatigue loading shown here.
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Figure 9. Heating rate for the first and second fatigue load inside the specimen.

The temperature rate at the beginning of the first load corresponds to that shown in Figure 1 with
values between 0.80 to 0.87 x 1073 K/Ic. Although a new batch of concrete has been produced, this load
configuration always seems to achieve similar heating rates. According to the blue curve in Figure §,
the speed drops faster with PK 3T, so that the heating progresses more slowly. After the specimens
have been stopped and cooled and a new cyclic loading has been applied, a clear jump in the rise
curves can be seen. The start values for all three attempts are clearly above the start value of the first
fatigue loading. Looking at the individual curves, it is also noticeable that with increasing preload the
maximum rate increases for the second load. A preload therefore seems to have a clear influence on the
heat generation. Table 4 enables the comparison of the maximum heating rates during the first and the
second cyclic loading phase and the corresponding value of the tests from [24], as shown in Figure 1.

Table 4. Maximum heating rate at first and second cyclic load.

Designation Max. Heating Rate I Max. Heating Rate II Difference in Heating Rate
[K/Ic]<103 [K/lc]+10-3 [K/Ic]l<10-3
PK1T 0.83 1.54 0.71
PK 2T 0.85 1.39 0.46
PK 3T 0.87 1.59 0.72
PK comparison [24] 0.80 - -

Particularly between PK 1T and PK 2T, which brought very precise agreement in all evaluations,
it is shown that, with longer cyclical preloading, the increase in the temperature rate also increases
with renewed fatigue loading. PK 3T achieves the greatest jump, but this is in the same range as PK
2T with a significantly longer preload. Overall, however, it can be seen that the temperature increase
at the first loading agrees well between the tests, but that a renewed loading after cooling causes a
significantly higher heating rate.

3.4. Specimen with Thermal Insulation

In [15], two possible effects of temperature on early failure of high-strength grouted concrete were
presented, which may also apply to UHPC. On the one hand, for all specimens with temperature sensors
in the concrete (such as Figure 3a), which showed a temperature increase until failure, an increasing
difference between the internal and external temperature was determined in [22,24] in analogy to [15].
This gradient can cause constraint stresses and change the force flow through the specimen so that the
effectively loaded area becomes smaller and the real related upper stress increases. A further effect can
be the reduction of the static compressive strength with increasing temperature [31]. Insulated tests
were carried out to verify the hypotheses. The aim was to minimize the temperature gradient in the
cross-section through a casing with an insulation pipe. The insulated and non-insulated test specimens
are shown in Figures 3 and 4. Figure 10 shows the temperature curves (10(a)) and the heating rate
(10(b)) for the different specimen preparations.
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Figure 10. (a) Temperature development and (b) heating rate of test specimen with (red and orange)
and without thermal insulation (purple and light blue), test conditions: frequency fp = 10 Hz,
relation between lower and upper stress level S¢ min/Sc;max = 0.1/0.7.

The uninsulated samples PK 5T and PK 6T both show a growing temperature gradient over the
duration of the experiment (Figure 10a). These gradients differ in their size. In the test shown in
light blue, the difference reaches a value of 12 K over the cross-section. In the test shown in purple,
this difference is only half as large, at a maximum of 6 K. Almost as large as the relative difference of
the gradients is also the difference of the number of load cycles achieved until failure. At the small
gradient, 122.095 load cycles, and at the large gradient, only 69.370 load cycles were achieved. Thus an
influence of the gradient seems plausible.

In the insulated attempts (PK 7TI and PK 8TI), the goal of a significantly reduced gradient was
achieved. Only shortly before failure differences of once 2 K and once 4 K were measured. However,
a higher number of load cycles than in the uninsulated tests was not achieved as expected. The samples
failed after 66.186 resp. 52.462 load cycles even earlier. The gradient can therefore not be the sole
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main influencing factor. In addition to the changed differences, the insulated samples also showed a
stronger temperature increase. Thus, the temperatures reached inside and on the surface were higher
than in the non-insulated tests. In the centre of the test specimen, at around 55 K, about 10 K more
were achieved, and at the surface, at around 52.5 K, the difference was even nearly 15 K. These results
indicate that it is mainly the maximum temperature reached in the test specimen that has an influence
on the test specimen failure.

The differences in the temperature curves can also be seen in Figure 10b. On the one hand,
the insulated tests show good agreement for the heating rate inside and outside and, on the other
hand, the curves are different from the uninsulated curves. The starting values of the cooling speed
of all four tests lie between 0.75 x 1073 K/Ic and 1.00 x 1073 K/Ic and thus in a corresponding range.
Compared to PK 5T, for PK 6T and the samples in [24], however, no significant drop in the rate is
evident. This is only minimal before the inside and outside heating rate increases exponentially until
failure. Immediately before failure, the rate doubled in both tests with insulation. The prevention of
temperature release via the environment thus has a strong influence on the course of the temperature
rate and thus the temperature curves, despite a possible release via the steel calotte.

4. Summary, Conclusion and Outlook

In the first part of the presentation of the results, the experiments on temperature release are
presented, in which the test specimens were only slightly fixed in the test setup until they were
completely cooled down, after having been heated in an oven. It was shown that the temperature
is released mainly via the surfaces of the steel load introduction plates. Thus, the reduction of the
temperature in the centre of the concrete cylinders was faster than the reduction at the surface. When the
heat was prevented from dissipating via the steel, homogeneous cooling occurred at all measuring
points, but this now lasted twice as long as when cooling via steel and ambient air.

The investigation of pre-damage influences by cyclic loading on the temperature release was
carried out by heating via fatigue loading and renewed cooling under the same boundary conditions.
Load cycle numbers of approx. 25%, 60%, and 90% of the mean load cycles from [24] under the same
load parameters showed an influence on cooling only when the initial values of —0.94 x 1072 K/s to
—1.50 x 1072 K/s were considered. This influence can be attributed to the changed thermal conductivity
of concrete at different temperatures [20]. When comparing the temperature rates before and after
loading and taking into account the different pre-damages, no systematic influence could be found if
the comparison was carried out at the same absolute temperatures.

The same experiments were used to investigate the influence of pre-damage on heat generation.
In principle, all tests showed a significant increase in the heating rate after the cyclic preloading
compared to the rate at the first loading. However, the pre-damage had no visible influence on the
number of load cycles achieved. In comparison, the same maximum temperature difference of almost
50 K was noticed in all tests. The second loads remained, as the results in [22,24], below the expected
value according to fib Model Code 2010 [30] under this load configuration. This confirms the results
in [22,24] that the temperature is essentially related to premature failure.

The verification of the assumption of temperature gradients in the cross section as an essential
influencing factor was confirmed by comparing tests with different measured differences between
inside and outside temperature. However, the reduction of the difference due to insulation showed
that the gradient is not the only decisive factor. Insulation causes a reduced release capability via
the environment, a minimized gradient and thus a faster and higher absolute temperature in UHPC.
The samples with insulation failed faster than the non-insulated ones. The reason for this is considered
to be the influence of temperature increase on the compressive strength of concrete. According to [31],
a reduction for HPC was found with increasing temperature. If the strength is also reduced for UHPC,
the related concrete stress would increase over the duration of the test. This would result in a faster
damage accumulation and cause an earlier failure.
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A comparison of all test results of this test program shows that under the different test conditions,
the failure temperatures inside the test specimen are all in similar ranges: 55 K for the insulated
samples PK 7TI/8T1, 49 K for the samples PK 1T-3T (second fatigue loading after thermal pre-loading
by heating in a furnace and by a first cyclic loading) and 45 K for the cylinders PK 5T/6T (single cyclical
exposure without insulation). Under the parameter configuration investigated here, a type of failure
temperature can be assumed for the used UHPC.

If the results of the temperature release tests are related to the tests with and without insulation,
assumptions can be made about the influence of cooling on the heating process. Although the
temperature is also clearly dissipated via the steel plates, a temperature reduction via the ambient
atmosphere already changes the heating rate significantly. The reduction of the speed of the temperature
increase after the start is in the range of 0.5 to 0.75 x 1072 K/s in the uninsulated tests (PK 5T/6T).
In contrast, in the tests with insulation around the samples (PK 7T/8T) the maximum reduction was
0.2 x 1072 K/s (compare Figure 10b). To show that the cooling of the PK 4T with insulation between
sample and loading plate represents the difference between the heatings with and without insulation
around the specimen, a comparison can be made between, for example, PK 7TI (yellow curve in
Figure 10) and PK 5T (light blue curve in Figure 10). The test specimen, which is insulated on the
surface, shows virtually no reduction in the temperature rate along its entire length. The test specimen
without insulation reaches the minimum temperature rate with a heating of approx. 19 K. Compared to
the start, the heating rate has been reduced by 0.48 x 1072 K/s. If the ambient temperature of 22 °C is
added to the 19 K, the absolute temperature of PK 5T at the time of slowest heating is obtained. Finally,
this temperature can be used to read the temperature rate lost over the surface in Figure 6a. This is
approximately 0.5 x 1072 K/s. It can therefore be seen that the cooling rate of PK 4T describes the
difference between PK 5T and PK 7TI well. This may only be a first example, but taking into account
the increasing thermal diffusivity of the concrete as the temperature rises (compare [20]), it can be
assumed that the reduction in the rate of increase in uninsulated tests is mainly due to the increase
in cooling.

In summary, the following main conclusions can be made from the results of the presented
test series:

e During heating in the fatigue tests, the temperature is released most strongly via the load
introduction plates.

e  The pre-damage has no significant influence on the cooling rate of the specimens.

e Acyclical pre-damage leads to a faster temperature increase with a new cyclical load.

e Inaddition to the temperature gradient in the cross-section, the absolute temperature has a strong
influence on the early failure.

With the above-mentioned main statements and the conclusions drawn concerning the
relationships between heating, cooling, and damage influences, approaches were found with which
the heating description in the fatigue test can be better understood. It is a further step to classify
the heating phenomenon as a specific problem of the test technology. In order to get closer to the
project aim, additional cooling experiments in the testing machine with insulated samples are planned,
so that the proportion of the heat dissipation via the steel plates can also be considered separately.
Knowledge of the temperature release capacity in tests up to 100 °C would also make it possible to
add temperature-related heat released to the heating rate curves and to represent the realistically
generated temperature at the heating speeds then reached. Furthermore, an extensive investigation of
the concrete compressive strength of HPC and UHPC under the influence of temperatures in the range
of the achieved test temperatures is currently being carried out.
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